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Dye leakageThe membrane interaction of peptides derived from maculatin 1.1 and caerin 1.1, with the sequence motif of N
and C termini of maculatin 1.1, was compared in order to understand the role of these common sequencemotifs,
which encompass critical proline residues, on peptide secondary structure and on membrane binding and
disruption in zwitterionic and anionic membranes. The peptides incorporated a single substitution with lysine
or deletion of the central region to mimic the length of the antimicrobial peptides, citropin 1.1 and aurein 1.2.
The impact of these changes in the sequence, length and physicochemical properties, on lytic activity and struc-
ture was assessed by dye-release from lipid vesicles and the change in the bilayer order as a function of
membrane-bound peptide mass. All peptides adopted similar degrees of helical structure in both membrane
systems. In addition, all peptide analogues were less active than either maculatin 1.1 or caerin 1.1 in dye release
assays. The membrane binding was analyzed by dual polarization interferometry and the results showed that
membrane binding was signiﬁcantly affected by changes in the hydrophobic environment of Pro-15. Moreover,
changes in the relative distribution of charge and hydrophobicity ﬂanking Pro-15 also caused signiﬁcant changes
to the membrane order. Overall, the proline residue plays an important role in inducing a peptide structure that
enhances the activity of these antimicrobial peptides.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The alarming increase in antibiotic resistance presents a new chal-
lenge for medicinal chemistry to ﬁnd potent alternatives that also
limit natural selection of resistant strains. Among the innate immune
system of higher organisms is found a plethora of relatively short
(b50 amino acids) cationic peptides that have attracted signiﬁcant
interest. Their bactericidal mechanism is promising since their mode of
action is to compromise the integrity of lipid membranes, which thereby
avoids the activation of intracellular defense mechanisms [1,2].
First discovered in the late thirties, antimicrobial peptides (AMPs)
are usually short cationic peptides, mainly adopting a helical structure,
that induce lipid membrane leakage, either by forming a pore or by re-
moving lipids in a detergent-likemanner [3]. Many studies aim to iden-
tify the effect of amino acids in the primary sequence, mutating native
AMP or trying to reproduce a certain scaffold with synthetic sequences.
The main features that have been identiﬁed as important for activity
are: amphipathicity that is promoted by the distribution of polar versus
hydrophobic amino acids along the long axis of the structured peptide,uilar), fs@unimelb.edu.authe net charge and the length of the peptide. Peptides shorter than 15
residues generally act in a detergent-likemanner while longer peptides
may insert and span the hydrophobic core of the lipid membrane to
form pores. Overall, a certain threshold of peptide concentration must
be reached before membrane disruption. Yet, despite more than two
thousandAMPs havingbeen identiﬁed [4], the relationship between po-
tency and AMP sequence is still elusive. This is partly due to the lack of
information on the changes in themembrane structure that accompany
the binding of AMPs to the target membrane.
We have selected two natural AMPs secreted on the skin of Australian
tree frogs, maculatin 1.1 (Mac-1) and caerin 1.1 (Cae-1) as starting
scaffolds to examine the structure–activity relationship of these two sim-
ilar peptides. Maculatin 1.1 contains 21 residues and a proline residue
which has been shown to play a critical role in the disruption of the bilay-
er [5,6], while caerin 1.1 contains 25 amino acids and two proline resi-
dues. Eight peptides were synthesized based on these two cationic
peptides in which amino acid residues were either substituted or deleted
(Table 1) in the region surrounding the proline residues. In the ﬁrst
category, an additional charge was added to Mac-1 by substituting Lys
at residues 11 and 12. In the second category, either one or two turns of
an α-helix were removed. The binding of these AMPs with two lipid
membrane models was analyzed: the neutral or zwitterionic system
of the major phospholipid found in eukaryotic cell membranes, pal-
mitoyloleoylphosphatidylcholine (POPC); and a negatively charged
Table 1
Physicochemical properties of Mac-1 and analogues.
Sequence Short name No. of residues MW (M + H) Da Charge (pH 7) Hydrophobicitya
Maculatin — charge density changes
GLFGVLAKVAAHVVPAIAEH F-NH2 Mac-1 21 2145.77 +1 1.3
GLFGVLAKVAAKVVPAIAEHF-NH2 Mac-2 21 2136.44 +2 1.3
GLFGVLAKVAKHVVPAIAEHF-NH2 Mac-3 21 2202.42 +2 1.0
Maculatin→ Citropin→ Aurein
GLFGVLAK HVVPAIAEHF-NH2 Mac-4 18 1904.14 +1 1.1
GLFGVLAKVAA AIAEHF-NH2 Mac-5 17 1712.10 +1 1.4
GLFDVIKK VASVIGGL-NH2 citropin 16 1614.98 +1 1.3
GLFGVLAK IAEHF-NH2 Mac-6 13 1400.10 +1 1.1
GLFDIIKK IAESF-NH2 aurein 13 1480.79 +1 1.1
Caerin→Maculatin
GLLSVLGSVAKHVLPHVVPVIAEHL-NH2 Cae-1 25 2583.77 +1 1.2
GLLSVLGSVAKHV VPVIAEHL-NH2 Cae-2 21 2137.42 +1 1.3
a Kyte and Doolittle hydrophobicity scale [23].
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The change in secondary structure and adsorption on and disruption of
lipid bilayerswas then investigated in terms of the peptide physicochem-
ical properties versus themembrane surface charge. On thewhole, the re-
sults revealed that the topological distribution of amino acid residues
around the critical proline residue (Fig. 1) strongly inﬂuences the mem-
brane binding and disruption by Mac-1.
2. Material and methods
2.1. Materials
All peptides were obtained from the Bio21 peptide synthesis facility
(Melbourne, Australia) with a N95% purity. The peptides were washed
in 5 mM HCl solution and lyophilised overnight to remove residual
triﬂuoroacetic acid as described [7]. Palmitoyloleoylphosphatidylcholine
(POPC) and palmitoyloleoylphosphatidylglycerol (POPG) phospholipids
were purchased from Avanti Polar Lipids (Alabaster, USA) and were
used without further puriﬁcation. Calcein, Aprotonin (A3886), Triton-
x100 and Sephadex G-100 gel ﬁltration media were purchased from
Sigma (St Louis, USA).
2.2. CD sample preparation
Peptides were dissolved in 10 mM phosphate and 1 mM buffer
solution (pH 7.4), except Mac-5 which showed higher solubility
in Milli-Q water. For all peptides, stock solutions containing
1 mg/mL were made. The stock solution was sonicated (10 s) and
vortexed prior to each use. To prepare binary vesicles, lipids were
co-solubilized in chloroform/methanol (3:1, v/v) before removal of
solvents by rotary evaporation. Lipids were hydrated in Milli-Q
water and lyophilised overnight. The resultant lipid powders were
re-suspended in 10 mM phosphate and 1 mM NaCl buffer solution
(pH 7.4). The homogeneous solutions were then extruded 10
times through an Avanti Mini-Extruder (Alabaster, USA) using poly-
carbonate ﬁlters to produce LUV of 200 nm diameter. The size of the
LUV was conﬁrmed by dynamic light scattering (DLS) performed on
a Nano Zetasizer (Malvern Instruments Ltd, UK). Appropriate vol-
umes of peptide stock solution and lipid vesicle dispersion were
mixed to produce 160 μL samples with a ﬁxed peptide concentration
of 100 μM and 3 mM lipid.
2.3. CD measurements
CD spectra were acquired on a Chirascan spectropolarimeter
(Applied Photophysics Ltd, UK) between 180 and 260 nm using a0.1mmpathlength cylindrical quartz cell (Starna, Hainault, UK). Spectra
were acquiredwith 1 nm data intervals, 1 s integration time and 2 scans
accumulation. Signal was recorded as milli-degrees at 25 °C.2.4. CD spectral deconvolution
Spectra were zeroed at 260 nm and normalized to give units of
mean-residue ellipticity (MRE) according to [θ]MRE = θ/(c × l × Nr),
where θ is the recorded ellipticity in milli-degrees, c is the peptide con-
centration in dmol ∙ L−1, l is the cell path-length in cm, and Nr is the
number of residues per peptide. The helicity was calculated from the
Luo–Baldwin formula Hα (%) = (θ222nm − θC)/(θ∞222nm − θC). with
θC = 2200− 53 T, θ∞222nm = (−44,000 + 250 T)(1-k/NResidues), and
k = 4 as described for unrestricted peptides [8,9].2.5. Calcein solution preparation
Calcein was initially insoluble in water andwas, therefore, dissolved
in 4 eq. NaOH and vortexed until completely dissolved. Appropriate vol-
umes of Tris and NaCl were added to yield an 80 mM calcein stock in
30 mM Tris, 20 mM NaCl before ﬁnal adjustment to pH 7.3 with HCl.2.6. Calcein encapsulation in large unilamellar vesicles
To prepare calcein-loaded large unilamellar vesicles (LUVs), lipids
were suspended in 250 μL of a dye solution made of 80 mM calcein,
20 mM NaCl and Tris 30 mM (pH 7.3). The solutions were freeze/
thawed ﬁve times and then extruded 10 times through an Avanti
Mini-Extruder (Alabaster, USA) using 0.2 μm polycarbonate ﬁlters to
produce LUVs of a theoretical 200 nmdiameter. Samples were extruded
above the corresponding main gel-to-ﬂuid chain melting temperatures
of theused lipids. Separation from free dyewas obtained by gelﬁltration
using Sephadex G-100 column media. The gel media and running
buffer were carefully degassed before use to prevent air bubbles
forming in the column. Samples were eluted under gravity with
30 mM Tris/100 mM NaCl (pH 7.3) running buffer solution at
~1 mL/min. Approximately 1 mL fractions were collected, with the
two most concentrated fractions pooled prior to lipid concentration
determination. Phospholipid concentrations were determined in
triplicate using the phosphorus assay of Anderson et al. [10]. In par-
allel, lipids were also suspended in a calcein-free buffer to produce
similar LUV solutions. The diameter of the calcein-free LUV was de-
termined by DLS measurements.
Fig. 1. Helical wheel and net presentations of the maculatin analogues. The arrow shows direction of, and is proportional to, the strength of hydrophobic moment.
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Measurements were made on a Varian Cary Eclipse spectrophotom-
eter (Melbourne, Australia) using a semi-micro quartz cell (Starna,Hainault, UK). The excitation wavelength was 490 nm and ﬁxed wave-
length ﬂuorescence emission intensitywas recorded at 515 nm for 0.5 s.
Samples were prepared by mixing a 1:1 M ratio of calcein-loaded and
calcein-free vesicles and appropriate amount of peptide stock solution
2280 M.-A. Sani et al. / Biochimica et Biophysica Acta 1848 (2015) 2277–2289to produce desired lipid to peptide (L/P) molar ratios. Negative controls
were made by substituting peptide stock for buffer-only or Aprotonin
protein (soluble protein 6.5 kDa) and positive controls by adding 10 μl
of 10% Triton X-100. The datawas then ﬁt using a dose–responsemodel:
y ¼ y0 þ ymax−yoð Þ= 1þ log Pep½ =EC50ð Þn
 
where y0 is the baseline ﬂuorescence, ymax is the ﬂuorescence obtained
upon Triton X-100 addition, EC50 is the concentration at which the pep-
tide induces 50% of the maximum ﬂuorescence, and n is the Hill coefﬁ-
cient indicative of the cooperativity between the peptides.
2.8. Dual polarization interferometry
Dual polarization interferometry (DPI) is an analytical method for
analyzing thin ﬁlms using an alternate dual orthogonal polarization
[11]. This allows unique combinations of several opto-geometrical
properties, including refractive index (RI), density, thickness, mass
and birefringence, to be measured in real time for the formation of
biomolecular layers and also to monitor the effect of additives to the
properties of the adsorbed layer. The real-time measurements were
performed using Analight BIO200 (Farﬁeld Group Ltd, Manchester,
UK). The real-time data were acquired with AnaLight200 version 2.1.0
software and processed and analyzed using AnaLight® Explorer soft-
ware. Data were acquired at 10 Hz and averaged to give an output of
one data point per second. The planar-supported unilamellar lipid bilay-
er was prepared on an unmodiﬁed silicon oxynitride FB80 AnaChips
(Farﬁeld-Group, UK). The chip surface was cleaned on-line by rinsing
two times each with 10% Hellmanex II, 2% sodium dodecyl sulfate
(SDS) and absolute ethanol. Prior to measurement, the waveguide
chips were calibrated with respect to their optical properties using an
80:20 w/w ethanol/water mixture at 20 °C. All experiments were con-
ducted in 10mMHEPES pH 7.0, 150mMNaCl. The ﬂow rate of running
buffer was controlled using a Harvard Apparatus PHD2000 programma-
ble syringe pump.
2.9. Formation of supported lipid bilayer (SLB)
Liposomes (100 nm in diameter) were prepared by aliquoting
2 mM POPC and 2 mM POPG stock solution as previously described
[12–15]. Liposome solutions (0.1 mg/mL) of POPC and POPC/POPG
(7:3) were injected in the presence of 1 mM CaCl2 for 10 min at
20 mL/min at 28 °C. The adsorption was immediately followed by
injection of 1 mM CaCl2 in running buffer for 10 min. The SLB was
further equilibrated in running buffer for 20 min before adjusting
the temperature to 20 °C. A full lipid bilayer-covered silicon
oxynitride chip was conﬁrmed by the absence of BSA (50 mg/mL)
binding to the membrane bilayer.
2.10. Peptide binding to bilayers
Peptide solutions were prepared at concentrations of 1, 2, 5, 10 and
20 μM in 10 mM HEPES, pH 7.4, 150 mM NaCl. 160 μL of each peptide
was injected consecutively in order of increasing concentration onto
the deposited bilayer at a ﬂow rate of 40 μL/min at 20 °C. At the end of
each peptide concentration injection, the layer was equilibrated by
running buffer for 30 min prior to injecting the next concentration
onto the same bilayer surface. Each concentration measurement was
performed on the same lipid bilayer for each analogue. At the end of
all peptide binding, the waveguide surface was regenerated with 2%
SDS, 10% Hellmanex II and ethanol at 28 °C.
2.11. Calculation of mass and birefringence (Δnf)
Themass of an adsorbedmolecular layerwas calculated using the de
Feijter formula [16,17]. The mass of lipid bilayer (mlipid) formed on thesolid support, and the mass of peptide (mpeptide) bound to the lipid
bilayer, are calculated as follows:
mlipid ¼ d f niso−nbufferð Þ= dn=dcð Þlipid; ð1Þ
mpeptide ¼ d f niso−nbufferð Þ= dn=dcð Þpeptide; ð2Þ
where df is the thickness of the adlayer, and niso denotes the average or
corresponding isotropic RI of the adlayer:
niso ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2TM þ 2n2TE
 
=3
q
ð3Þ
nbuffer is the RI of the HEPES buffer used for these experiments, which
was obtained experimentally as nbuffer = 1.3349 (20 °C) and 1.3340
(30 °C); c is concentration, and dn/dc is the speciﬁc RI increment of
the adlayer. The de Feijter formula assumes that dn/dc remains constant
throughout the experiment. For the present analysis, the dn/dc values of
0.135 mL/g and 0.182 mL/g were used for lipids and peptides, respec-
tively [12–14].
The degree of molecular order, S, of the uniaxial lipid bilayer is de-
ﬁned by the ratio of the principal polarizabilities of the bilayer to the
molecular polarizabilities [18,19]. This order parameter (S) is propor-
tional to the birefringence (Δnf) values. Thus, the birefringence values
represent an averaged measurement of lipid molecular orientation
order and the lipid acyl chain order. High Δnf values are obtained for a
fully aligned lipid bilayer whereas low Δnf indicating a random and dis-
ordered lipid bilayer. The birefringence of the adsorbed planar bilayer
can be obtained with DPI through calculating the difference between
two effective refractive indices, namely RI of transverse magnetic
(TM) waveguide mode (nTM) and RI of transverse electric (TE) wave-
guide mode (nTE), as described previously [15]. The effective birefrin-
gence (nTM–nTE) can only be determined by calculating the two RIs,
nTM and nTE, for each waveguide mode by ﬁxing the thickness or RI of
the deposited layer and assuming uniform layer coverage. For the pur-
poses of the present study, the RI was ﬁxed at 1.47 for the supported
lipid bilayer formation at 20 °C [15].
2.12. Peptide structure modeling
The PDB structures ofmaculatin 1.1 and caerin 1.1 obtained from the
solutionNMR experiments in dodecylphosphocholine environment [20,
21] were utilized. The visualization software, Chimera [22], was used to
produce the peptide hydrophobicity surface according to the Kyte-
Doolittle scale [23]. The structure of Mac-2 and Mac-3 was produced
by mutating residues His-12 to Lys, and Ala-11 to Lys, respectively,
and using the Dynameomics rotamer library to recompose the side-
chain conformation [24]. The structures of Mac-4, Mac-5 and Mac-6
were obtained by truncating Mac-1 and patching the two segments
using a peptide bond of 1.33 Å and the dihedral angles of an α-helix
(−57°,−47°). Similarly, Cae-2 was obtained by truncating Cae-1. The
structure-based alignment was performed within Chimera using the
matchmaker analysis. Brieﬂy, the Needleman–Wunsch alignment algo-
rithm was used with the Blosum-100matrix, 50% weighted on primary
sequence and 50% weighted on secondary structure [22].
3. Results
3.1. Peptide design rationale
Maculatin 1.1 and caerin 1.1 are two very closely related peptides
with similar sequence, length, charge and hydrophobicity (Table 1).
We hypothesized that speciﬁc segments of theMac-1 sequence are crit-
ical to its antimicrobial activity and that removal of or changes to these
speciﬁc regions will provide new insight into their role in the activity of
these peptides. The overall aimof this studywas to selectivelymodify or
remove regions of theMac-1 or Cae-1 sequences to determine the effect
Table 2
Mean residue ellipticity and helicity relative to Mac-1 in LUV environments.
POPC POPC/POPC 7:3 POPC vs. POPC/POPG
θ222nm Relative
helicity
θ222nm Relative
helicity
θPC222nm/θPCPG222nm
Mac-1 −20,799 1.00 −18,305 1.00 1.14
Mac-2 −23,489 1.12 −24,743 1.34 0.95
Mac-3 −18,033 0.87 −18,662 1.02 0.97
Mac-4 −18,631 0.90 −17,871 0.98 1.04
Mac-5 −21,140 1.02 −20,333 1.11 1.04
Mac-6 −20,192 0.97 −15,878 0.87 1.27
Cae-1 −19,002 0.92 −18,677 1.02 1.02
Cae-2 −17,851 0.86 −21,833 1.18 0.82
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charge of maculatin was increased from +1 to +2 by changing His-
12 to Lys (Mac-2) and disrupting amphipathicity by changing Ala-11
to Lys (Mac-3).
Residues 9–15 in Mac-1 are amino acids that are absent in the
closely-related AMP, aurein 1.2 and correspond to individual turns in
the α-helical structure of each peptide. We, therefore, prepared Mac-4
andMac-5 inwhich residues 9–11 or 12–15 (one turn)were deleted re-
spectively, andMac-6 inwhich residues 9–15 (two turns) were deleted.
A similar approach was used to determine the relationship between
Mac-1 and Cae-1 by removing residues 14–17 (one turn) in Cae-1 to
yield Cae-2.
3.2. Secondary structure analysis by circular dichroism
The secondary structure of Mac-1 and analogues was determined
using circular dichroism (CD) spectroscopy at 25 °C. In the absence of
lipid vesicles, all peptides except Mac-5 were mainly unstructured, as
seen in the single minimum around 200 nm (Fig. 2A). It is worth noting
thatMac-5 andMac-6were not fully soluble in buffer, and the CD exper-
iments were then performed in Milli-Q water.
In the presence of neutral POPC vesicles, all peptides adopted a
helical conformation, with the characteristic two minima observed at
222 nm and 208 nm and a strong maximum around 190 nm (Fig. 2B).
The helical contentwas calculated according to the Luo–Baldwin formu-
la using the molar ellipticity at 222 nm (Table 2). Since this method re-
quired using a corrective factor (k), estimated to a value of 4 for
unblocked peptides [9], we determined a relative helicity based on the
wild-type Mac-1 for comparison. The difference in helicity between
the 8 peptides was not signiﬁcant, ranging from +0.12 to −0.14.
Although Mac-5 was already structured in water, its helicity increased
by about 50% in presence of POPC vesicles.
In the presence of negatively charged lipid vesicles comprised of
POPC/POPG (7:3), all peptides showed typical α-helical CD line shapes
(Fig. 2C). The helicities of Mac-2 and Cae-2 were greater relative to
Mac-1, while the other peptides had similar values (Table 2). The differ-
ence in structure for each peptide in the presence of vesicles wasFig. 2. CD spectra of 100 μMMac-1 and analogues in: [A] buffer composed of 10mMphosphate an
(7:3) LUV (200 nm) at a lipid to peptide ratio 30:1. Spectra are an average of 3 accumulations recdetermined using the ratio of the θ222nm molar ellipticity for both lipid
systems. Mac-6 was less helical (0.87) in the presence of POPC/POPG
vesicles while the helicity for all other peptides was similar to within
~10% to that ofMac-1. Overall, however, all analogues adopted substan-
tial helical structure in both lipid mixtures.3.3. Membrane disruption analysis by dye-release
The potency of Mac-1 and analogues to disrupt the bilayer structure
of POPC and POPC/POPG (7:3) vesicles was investigated by monitoring
the increase in ﬂuorescence upon addition of increasing amount of
peptide to self-quenched calcein-encapsulated LUV. Dynamic light scat-
tering measurements did not show any signiﬁcant size variation upon
Mac-1 titration up to L/P 5:1 (~90 nm radius), which indicates that
Mac-1 did not cause signiﬁcant disruption of the membrane and is con-
sistentwith formation of a pore-like structure [25]. Theﬂuorescence ob-
tained at each peptide concentrationwasnormalized byusing the signal
obtained without peptide (baseline) and with addition of Triton X-100
(100% signal). The data was then ﬁtted using a dose–response model
to extract the EC50 values of each peptide and relative ratios were calcu-
lated usingMac-1 as reference (Fig. 3). A relative EC50 ratio less than one
(Table 3) indicated a less potent peptide compared to Mac-1.d 1mMNaCl, pH 7.4; [B] POPC large unilamellar vesicles (LUV, 200 nm); and [C] POPC/POPG
orded at 25 °C.
Fig. 3.Dye-leakage assays showing the lytic activity ofMac-1 and analogues against: (A) POPC LUV (200 nm); and (B) POPC/POPG (7:3) LUV (200 nm). Aliquot of peptideswere added to a
ﬁxed lipid concentration of 250 μMand the samples were incubated for 15min prior to measurements. Experiments were performed in duplicate and ﬁttedwith a dose–responsemodel.
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with the other peptides being less lytic with POPC LUV, especially the
shorter analogues Mac-4, Mac-5 and Mac-6 (Table 3). The Mac-2 and
Mac-3 analogues also showed reduced activity, indicating that the extra
positive charge carried by these peptides lower their insertion ability.Table 3
EC50 ratios relative toMac-1 obtained fromdose–response ﬁt of dye-leakage assays in LUV
environments.
POPC POPC/POPG (7:3) POPC vs. POPC/POPG
relative EC50 relative EC50 EC50PC/EC50PCPG
Mac-1 1.00 1.00 3.03
Mac-2 0.37 0.52 2.15
Mac-3 0.57 0.48 3.64
Mac-4 0.15 0.54 0.85
Mac-5 0.19 0.04 12.90
Mac-6 0.06 0.06 3.08
Cae-1 0.98 2.90 1.01
Cae-2 0.25 0.59 1.29This was also observed for the Cae-2 peptide, although this analogue
has the same net charge, number of amino acids and hydrophobicity.
With negatively charged vesicles, a similar trend was observed with
Mac-5 and Mac-6, which were less lytic, while Cae-1 showed a greater
potency than Mac-1. Remarkably all peptides, except Mac-4, were less
lytic against charged vesicles than neutral vesicles, as cationic AMP is
known to target speciﬁcally the negatively chargedmembrane of bacte-
ria. EvenMac-2 andMac-3 analogues with an extra Lys substituted for a
neutral amino acid, did not disrupt the charged LUVmore efﬁciently. In
fact, of all the analogues, only Cae-1 was as potent against POPC/POPG
as POPC membranes.
3.4. Membrane disruption analysis by dual polarization interferometry
(DPI)
The interaction of each maculatin peptide with model membranes
was studied in real time by DPI. Each of the maculatin peptides
(1–20 μM) was injected consecutively onto a planar supported POPC
and POPC/POPG (7:3) bilayer with the following structural properties:
2283M.-A. Sani et al. / Biochimica et Biophysica Acta 1848 (2015) 2277–2289POPC mass/unit area 4.49 ± 0.05 ng/mm2, thickness 4.48 ± 0.04 nm
and birefringence (Δnf) 0.0169 ± 0.0014; and POPC/POPG (7:3) mass/
unit area 4.40 ± 0.04 ng/mm2, thickness 4.39 ± 0.04 nm and birefrin-
gence (Δnf) 0.018 ± 0.0004, each averaged from 16 independent lipo-
some depositions.
Themass per unit area versus time for the binding of eachmaculatin
analogue to POPC and POPC/POPG (7:3) bilayers are shown in Figs. 4
and 5, respectively. The mass bound to and dissociated from POPC is
also plotted against concentration for each peptide in Fig. 6. The POPC-
bound mass of Mac-1 increased with increasing peptide concentration
during the association (Fig. 4A). However, the single Lys substitution
for His12 and Ala11 in Mac-2 and Mac-3, respectively, resulted
in lower mass bound to the POPC bilayer than for Mac-1 (Fig. 6,
Table S1). The deletion Mac analogues, Mac-4 and Mac-5 also showed
signiﬁcantly lower mass bound to the POPC than Mac-1. In addition,
the deletion of amino acids 12–15 (Mac-5) resulted in a very slow dis-
sociation of peptide. Interestingly, the removal of residues 9–15 (Mac-
6) partially restored the binding to Mac-1 levels. Cae-1 showed similar
mass binding to POPC as Mac-1 at low peptide concentrations (1 and
2 μM) while the mass of Cae-1 bound to POPC was higher than Mac-1
at the higher concentrations (10 and 20 μM). Cae-2, in which residues
14–17 are removed showed a substantial loss of binding to the POPC.Fig. 4. The real-time changes in the bilayer maOverall, all peptides dissociated fully with the mass returning to the
starting baseline at the end of dissociation for each peptide concentra-
tion (Fig. 6B).
The binding of each analogue to the anionic POPC/POPG bilayer
(Fig. 5) showed small and almost irreversible increases in mass at the
lowest peptide concentration (1 μM). As the peptide concentration in-
creased, themass values started to decrease during the injection of pep-
tide solution, dropping below the starting baseline at the end of
dissociation, which indicates mass loss from the surface. The mass loss
was observed for the native Mac-1 and Cae-1 and analogue Mac-6 at
2 μM, while for other analogues this occurred at a higher concentration
(5 μM). For further increases in peptide concentration, the extent of
mass loss varied with the analogue sequence (Table S2). However,
this large mass loss during the peptide adsorption was not observed
for Mac-5, which showed a small mass drop below the baseline at the
end of 10 and 20 μM injections. The lower POPC-boundmass and higher
peptide concentration required to induce mass loss during the interac-
tion of POPC/POPG bilayer indicated that the sequence alteration
made the analogues less effective binders than the native Mac-1 and
Cae-1, consistent with the dye release data.
The binding characteristics of each analogue were further evaluated
by the relative changes in the molecular organization of the bilayer as ass for POPC-bound maculatin analogues.
Fig. 5. The real-time changes in bilayer mass for POPC/POPG (7:3)-bound maculatin analogues.
Fig. 6. Binding characteristics of maculatin analogues to planar-supported POPC bilayers. (Effects of sequence variation onmass bound to lipid bilayer.) Only POPC is shown as there was
signiﬁcant mass loss with POPC/POPG (see Supp. Info. Tables S1 & S2).
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Fig. 7. POPC bilayer order as characterized by the birefringence change (Δnf) against the mass of the POPC-bound maculatin analogues.
2285M.-A. Sani et al. / Biochimica et Biophysica Acta 1848 (2015) 2277–2289function of membrane-bound peptide mass (Figs. 7 & 8). The molec-
ular order of a lipid bilayer is measured by the anisotropic opto-
geometrical parameter, birefringence, and the inﬂuence of peptide
binding on this parameter can be obtained by DPI. During the
binding of Mac-1 to POPC, the birefringence values decreased from
0.0181 in a concentration-dependent manner, with the lowest
value of 0.0121 obtained during injection of 20 μM peptide. The bi-
layer disordering evident from the decrease in birefringence was re-
versible during the peptide dissociation from the bilayer. However,
there was a small decrease in the birefringence values at the end
of dissociation and the mass almost returned to the starting base
line. Overall, this proﬁle was similar to the pattern previously ob-
served for the binding of Mac-1 to the DMPC bilayer, except the bi-
refringence values varied between 0.0165 and 0.0195 [6]. The
binding of Mac-2 to POPC caused much smaller changes in the bire-
fringence than Mac-1 although the POPC-bound Mac-2 mass was
similar to that of Mac-1. In contrast, Mac-3 induced similar de-
creases in POPC birefringence at a lower POPC-bound Mac-3 mass
compared to Mac-1. For the truncation analogues, a small decrease
in POPC birefringence was observed for Mac-4, which also bound a
small amount. However, Mac-5 and Mac-6 induced a signiﬁcant de-
crease in POPC birefringence to values lower than those for Mac-1.This indicated that Mac-5 and Mac-6 changed the molecular order
of POPC bilayer more than Mac-1 but a lower Mac-6 concentration
was required for this large drop. For Cae-1 and Cae-2, small de-
creases in POPC birefringence were observed. These differences in
POPC-birefringence values are related to the depth and orientation
of peptides interacting with the POPC molecules.
The induction of packing disorder by the accumulation of Mac-1 to
the POPC/POPG bilayers was accompanied by mass loss, in contrast to
the disorder in POPC, which occurred without peptide-induced mass
loss. As shown in Fig. 8, the binding of the charge density analogues
Mac-(1–3) to POPC/POPG showed signiﬁcant decreases in birefringence
at low levels of membrane-bound mass. This was accompanied by
an overall loss in mass after injection of all 5 concentrations. For the
truncation analogues, Mac-4 showed a similar change in birefringence
to Mac-1 while Mac-5 and Mac-6 showed larger bilayer disordering
with very small levels of peptide binding to the membrane. Although
there was no signiﬁcant overall mass loss for Mac-5, there was a large
mass loss for 2 μMMac-6. Cae-1 and Cae-2 showed larger decreases in
POPC/POPG birefringence at lower concentration but the overall extent
of POPC/POPG birefringence changes induced by Cae-1 and Cae-2 was
similar to Mac-4 and less than those obtained for Mac-1 to Mac-3,
Mac5 and Mac-6.
Fig. 8. POPC/POPG (7:3) bilayer order as characterized by the birefringence change (Δnf) against the mass of the POPC/POPG (7:3)-bound maculatin analogues.
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the anionic POPC/POPG bilayers, which was not observed for POPC as
the peptides fully dissociated from the bilayer. Nevertheless, all pep-
tides induced a decrease in POPC/POPG birefringence and the mem-
brane was able to recover to a signiﬁcant extent during dissociation of
all peptides except Mac-5, which reﬂects the stability of the bilayer
against the destructive action of the peptides.
4. Discussion
AMPswith effective antibacterial activities have long been anticipat-
ed as a new hope in combating bacterial infections resistant to multiple
generic antibiotics. While the sequence and structural determinants are
critical for activity, the highly diverse sequence properties, complex
physico-structural parameters, and low target cell selectivity with cyto-
toxicity have limited the development and of AMPs as antibiotics for
clinical use. Thus, understanding the sequence characteristics, structural
determinants and physical properties for membrane-destabilization
and antibacterial activity is essential for the rational development of
effective peptide antibiotics. Previous analysis of Australian amphibian
AMP sequences has demonstrated high degree homology in the N-
and C-termini of four peptides: aurein 1.2, citropin 1.1, maculatin 1.1
and caerin 1.1 [26]. In particular, correlation of the physical propertiesof these four peptides with their membrane-disrupting behavior
showed that an increase in peptide length causes changes from a paral-
lel binding inducedmembrane lysis to an oblique or transmembrane in-
sertion associated with membrane disruption. Moreover, we recently
demonstrated that the proline residue in the sequence of Mac-1 [5,6],
which creates a kink in the helical structure, plays an important role
in the ability of Mac-1 to insert into a membrane bilayer. In the present
study, we have explored the role of the amino acid residues that ﬂank
the critical proline residues in maculatin 1.1 and caerin 1.1 and hypoth-
esize that the relative topographic distribution of hydrophobic residues
plays a determining role in the insertion and lysis by these peptides.
Particularly, the interaction with zwitterionic and anionic mem-
branes of peptides derived from maculatin 1.1 and caerin 1.1, with the
sequence motif of N and C termini of maculatin1.1, was compared
with the aim of understanding the role of these common sequence mo-
tifs, which encompass critical proline residues, on peptide secondary
structure and onmembrane binding and disruption. These peptides en-
compass three different sub-groups (Fig. 9) and incorporated single
substitution with lysine (Mac-2 and Mac-3), deletion of central region
to mimic the length of citropin 1.1 (Mac-4 and Mac-5), and a mimic
of aurein 1.2 (Mac-6). Deletion of the central region of caerin 1.1
(Cae-2), results in a peptide with the same length as Mac-1. The impact
of these changes in the sequence, length and physicochemical properties
Fig. 9. Left panel: Space ﬁlling representation of the maculatin analogues with the hydrophobic residues (red), hydrophilic (blue) and neutral (white) according to the Kyte and Doolittle
scale. Right panel: structure-based sequence alignment weighted with 25% of primary sequence analogy with (A) Mac-1 (brown) as reference versus Cae-1 (purple) and Cae-2 (blue);
(B) citropin (purple) as reference versusMac-4 (brown) and Mac-5 (blue); and (C) aurein (brown) as reference versusMac-6 (blue).
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assessed by dye-release from lipid vesicles and change in the bilayer
order as a function of membrane-bound peptide mass.
4.1. Net charge and charge distribution around Pro-15
The lysine substitutions are in close proximity and are located at the
polar face of the helix forMac-2 andMac-3. However, the relative orien-
tation of these residues with the neighboring amino acids resulted in
substantially different binding properties particularly with POPC, al-
though there was no effect on the degree of helical structure. In partic-
ular, despite having one additional positive charge, neither Mac-2 norMac-3 bound more than the native Mac-1 to either POPC or POPC/
POPG. In a previous study [6], we demonstrated that the proline in
position 15 in maculatin 1.1 plays a critical role in bilayer penetration
as analogues without the proline do not contain the kinked helix and
are less able to penetrate the bilayer. Maculatin 1.1 is strongly amphi-
pathic along both ends of the helix, and the peptide causes the bilayer sur-
face to indent to accommodate the kink and maximize the interaction
with the entire peptide. In the present study, the two lysine substitutions
are in close proximity to this proline residue in Mac-2 and Mac-3, and
exerted an effect on the ability of maculatin to bind efﬁciently to either
bilayer. In POPC, Mac-2 (His-12 to Lys) could not penetrate the bilayer
(small changes in birefringence, low dye release) while the Ala-11 to
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Mac-2 but less thanMac-1. All three peptidesweremore effective in caus-
ing dye leakage in POPC than POPC/POPG LUV. Possibly at low peptide
concentrations there may be more peptides interacting with the charged
surface but less peptide inserting into the hydrophobic core of the
membrane.
The extent of mass loss in the POPC/POPG bilayer induced by Mac-2
andMac-3was also reduced relative toMac-l. However, signiﬁcant irre-
versible disordering of POPC/POPG by the increased positive chargewas
observed at low concentration (2 μM). The effect of more charge with
similar (Mac-2) or less (Mac-3) hydrophobicity on the bilayer proper-
ties showed that the more charged peptides can increase irreversible
disordering of the acyl chains and that hydrophobic interactions affect
insertion and consequently the extent of bilayer expansion. Mac-1,
Mac-2 andMac-3 all caused large changes in membrane order and sub-
sequent mass loss of the membrane, indicating that the presence of the
negatively charged lipid facilitated the penetration of these peptides
into the bilayer. In addition, while the different positive charge dis-
tribution around the proline residue did not prevent mass loss and
disordering of the POPC/POPG bilayer by Mac-2 andMac-3, higher con-
centrations of these two peptides were required to induce the changes
in membrane order relative to Mac-1. Thus the relative distribution of
the positive charge around the proline residue is a critical determinant
of maculatin 1.1 activity and suggests that manipulation of this charge
distribution may offer additional approaches for the design of more po-
tent and selective AMPs.
4.2. Truncation of the residues encompassing Pro-15
The inﬂuence of the central sequence region of maculatin 1.1 on ac-
tivity was investigated further by deletion of residues 9–11 (Mac-4),
12–15 (Mac-5) and 9–15 (Mac-6). Relative to Mac-1, all three peptides
contain the same net charge but deletion of these residues broadened
the hydrophilic surface of the helix, thus increasing its amphipathicity.
The deletions did not signiﬁcantly change the degree of helicity but
did cause a signiﬁcant change in the vesicle lysis (dye leakage) and in
binding to both POPC and POPC/POPG (DPI). Firstly, Mac-4, which is
less hydrophobic, boundweakly to and could not penetrate the POPC bi-
layer to any signiﬁcant extent. It was, however, able to bind and pene-
trate the negatively-charged POPC/POPG bilayer also causing mass
loss or bilayer expansion. In contrast, Mac-5, which does not contain
the critical proline residue, bound weakly to both POPC and POPC/
POPG at low concentrations and dissociated very slowly, but inserted
reversibly at the highest concentration. Most signiﬁcantly, Mac-5
exerted a very dramatic decrease in the order of the POPC/POPG bilayer
at very low levels of binding. Finally, Mac-6 which also does not contain
the critical proline and contains the same number of amino acids as
aurein 1.2 (which induces membrane lysis/micellisation [27]) caused
drastic changes in disordering of both POPC and POPC/POPG bilayers.
However, no mass loss was noted when binding to POPC, unlike the
membrane lysis effect seen for aurein 1.2 binding to DMPC and DMPC/
DMPG [14,15]. The sequence of aurein 1.2 is GLFDIIKKIAESF and differs
fromMac-6 at residues 4 (D→ G), 5 (I→ V), 7 (K→ A) and 12 (S→ H).
While the overall net charge is still +1, aurein 1.2 has two Lys residues
and one Asp residue and hence the differences in the overall charge
density clearly inﬂuence the lytic ability of these peptides as Mac-6 is
unable to cause signiﬁcant mass loss as has been previously observed
for aurein 1.2 [14,15].
The homologous sequence region in caerin 1.1 (Cae-1) was also re-
moved to give an analogue of maculatin 1.1 (Cae-2). Cae-1 contains
two proline residues and behaved very similarly to Mac-1 with both
POPC and POPC/POPG. Irreversible mass loss together with reversible
bilayer disordering of POPC/POPG by native Cae-1 was similar to previ-
ous studies with DMPC/DMPG [14]. In addition, the higher mass loss for
POPC/POPG indicates greater susceptibility for more ﬂuid bilayers. By
comparison, Cae-2which contains the HVVPmotif but only one proline,bound much less and caused less bilayer disordering than Cae-1 and
Mac-1 on both POPC and POPC/POPG bilayers at a given concentration.
However, the mass-birefringence proﬁles (Figs. 7 and 8) are similar in
shape, which indicates that both Cae-1 and Cae-2 act via a similar dis-
ruptive mechanism but Cae-2 are less potent. The sequence of Cae-2 is
GLLSVLGSVAKHVVPVIAEHL and contains the same number of residues
as Mac-1 but differs from Mac-1 at residues 3 (F → L), 4 (G → S), 7
(A→ G), 8 (K→ S), 16 (A→ V), and 21 (F→ L) and has an overall net
charge of +1. Thus, removal of the central LPHV residues yields a less
active peptide than Mac-1, which demonstrates that the speciﬁc se-
quence in terms of charge distribution and amphipathicity plays a dom-
inant role.
4.3. Role of proline and bilayer charge in membrane lysis by maculatin 1.1
Overall, the peptides in this study were either equally or more lytic
towards neutral rather than negatively charged bilayers based on the
dye release results with POPC/POPG. By comparison, the DPI data
indicated more membrane disruption or insertion/expansion with the
negatively charged SLBs. The dye-release assays, however, measure
ﬂuorescence release from vesicles after a deﬁned time of exposure
to each peptide, while DPI reports the changes in membrane structure
of a SLB during binding of a particular peptide. In addition, the dye-
release experiments were performed at lower peptide concentrations
(Fig. 3), below the level which caused the structural changes in the bi-
layers reported by DPI.
The effects of Mac-1 on POPC and POPC/POPG bilayers were consis-
tentwith those previously reported for DMPC andDMPC/DMPG [14,15].
Mac-1 induced signiﬁcant but reversible disorder of the lipid acyl chains
without substantial mass loss when binding to POPC. However, the ex-
tent ofmass loss and disorderingwas signiﬁcantly enhanced for binding
to POPC/POPG compared to DMPC/DMPG. While disordering of POPC/
POPGwas also reversible, the birefringence of the bilayer that remained
following peptide dissociation and mass loss returned to pre-injection
values, which indicates that the ﬂuid phase of POPC/POPG bilayers is
more susceptible to Mac-1 disruption but can subsequently recover.
The native peptides,Mac-1 and Cae-1, weremost active and induced
similar effects on both phospholipid bilayers, although the effects on
neutral and anionic bilayers were very distinct. Cae-1, the longer and
more kinked peptide with two Pro residues, showed similar lytic activ-
ity in neutral and anionic LUVs.Mac-5 andMac-6were an order ofmag-
nitude less lytic with anionic LUV, probably as a result of truncation
(bilayer mismatch) together with the loss of the HVVP residues.
The question, therefore, is what sequence motifs are responsible
for the lytic properties of aurein 1.2, maculatin 1.1 and caerin 1.1.
Sequence-activity comparison of each peptide suggests an impor-
tant role for the hydrophobic and charge distribution around the
critical proline residue and further emphasizes the interplay be-
tween this proline and the overall amphipathicity in the AMP activ-
ity [6,14,15]. We previously demonstrated that Pro-15 is important
for the lytic activity of maculatin 1.1 as the kink that it generates
in the helical structure facilitates the insertion of the peptide into
the membrane bilayer [5,6]. The results of the present study clearly
demonstrate that the hydrophobic environment and the speciﬁc
location of cationic charge with respect to Pro-15 are also central
to the ability of maculatin 1.1 to penetrate and lyse a lipid bilayer.
More speciﬁcally, the results suggest that maculatin 1.1 contains
an insertion motif that is comprised of an amphipathic wedge in
which Pro-15 is ﬂanked by hydrophobic residues on one surface
and positively charged residues on the opposite surface. Furthermore,
the different effects on the zwitterionic and anionic bilayers suggests
that manipulation of the topography of these residues to differentially in-
hibit the binding and/or insertion depending on the bilayer properties can
be used to control the selectivity between membranes. Overall, our
studies have correlated the structural domain/motif of maculatin-
related peptides with the membrane-binding characteristics and
2289M.-A. Sani et al. / Biochimica et Biophysica Acta 1848 (2015) 2277–2289provide a more speciﬁc basis for the design of highly selective anti-
bacterial therapeutics. Molecular dynamics studies may give further
insight into this relationship.
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